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a b s t r a c t
While several scaffolds have been proposed for skeletal muscle regeneration, multiscale hierarchical scaf-
folds with the complexity of extracellular matrix (ECM) haven’t been engineered successfully. By precise
control over nano- and microscale features, comprehensive understanding of the effect of multiple fac-
tors on skeletal muscle regeneration can be derived. In this study, we engineered carbon-based scaffolds
with hierarchical nano- and microscale architecture with controlled physico-chemical properties. More
specifically, we built multiscale hierarchy by growing carbon nanotube (CNT) carpets on two types of
scaffolds, namely, interconnected microporous carbon foams and aligned carbon fiber mats.
Nanostructured CNT carpets offered fine control over nano-roughness and wettability facilitating myo-
blast adhesion, growth and differentiation into myocytes. However, microporous foam architecture failed
to promote their fusion into multinucleated myotubes. On the other hand, aligned fibrous architecture
stimulated formation of multinucleated myotubes. Most importantly, nanostructured CNT carpets
interfaced with microscale aligned fibrous architecture significantly enhanced myocyte fusion into
multinucleated mature myotubes highlighting synergy between nanoscale surface features and
micro-/macroscale aligned fibrous architecture in the process of myogenesis.
Statement of Significance
Due to limited regenerative potential of skeletal muscle, strategies stimulating regeneration of functional
muscles are important. These strategies are aimed at promoting differentiation of progenitor cells (myo-
blasts) into multinucleated myotubes, a key initial step in functional muscle regeneration. Recent tissue
engineering approaches utilize various scaffolds ranging from decellularized matrices to aligned bioma-
terial scaffolds. Although, majority of them have focused on nano- or microscale organization, a system-
atic approach to build the multiscale hierarchy into these scaffolds is lacking. Here, we engineered
multiscale hierarchy into carbon-based materials and demonstrated that the nanoscale features govern
the differentiation of individual myoblasts into myocytes whereas microscale alignment cues orchestrate
fusion of multiple myocytes into multinucleated myotubes underlining the importance of multiscale
hierarchy in enhancing coordinated tissue regeneration.
 2016 Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
1. Introduction
According to US Bureau of Labor statistics, about 100,000 cases
of muscle injuries are reported in year 2011 [1]. Similarly, injuries
due to trauma and tumor ablation procedures result in skeletal
muscle damage. Due to limited regenerative potential of the mus-
cle, therapeutic strategies aimed at functional muscle regeneration
are gaining importance. Some of the strategies used in the past
such as transplant of autologous muscle and injection of satellite
cells have shown limited success due to donor site morbidity, poor
integration and survival of implanted tissue or cells [2]. These
problems can be circumvented by designing the regenerative
http://dx.doi.org/10.1016/j.actbio.2016.01.004
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strategies that aim to recreate the microenvironment conducive for
myogenesis.
Multiscale hierarchical extracellular matrix (ECM) architecture
at the macro-, micro- and nanoscale along with biomimetic cell-
ECM interactions are some of the most important features to be
considered for the development of functional muscle tissue which
itself possesses multiscale hierarchy [3,4]. Cell-interactive
ECM-mimicking materials can facilitate essential cellular pro-
cesses for normal muscle growth, development and regeneration
[3,5,6]. Specifically, a combination of biochemical and biophysical
stimuli are critical for guiding appropriate orientation of progeni-
tor cells to promote formation of aligned and well-organized mus-
cle bundles [7]. These biophysical stimuli include nano-roughness,
topographical guidance and electrically conductive surface.
Surface topography, especially nanoscale surface roughness can
be an important feature in improving cell-scaffold interaction
and cell adhesion [8]. Since skeletal muscle tissue is electrically
excitable, electroactive materials allow local delivery of electrical
stimulus to enhance cell proliferation, differentiation and tissue
regeneration. Indeed, conductive materials have shown to
improve myoblast differentiation into myocytes [9,10]. Surface
wettability is another factor that affects cell adhesion on the scaf-
fold surface. For example, moderately water-wettable surfaces
with contact angles around 70 facilitate better attachment of
cells to the scaffolds through strong binding of cellular adhesion
proteins [11].
Apart from nanoscale features, many native tissues including
muscles display multiscale hierarchical structure responsible for
their unique architecture and function [3]. Submicron scale
myofibrils constitute the basic structural units, which further orga-
nize into muscle fibers (10–80 microns in diameter), which then
bundle together to form muscle fasciculus and eventually, a func-
tional muscle [12]. Thus, to enhance regeneration of a functional
skeletal muscle, it is desirable to recreate multiscale hierarchical
scaffolds that are composed of repeating small structural units to
create a three-dimensional architecture. In addition, macro- and
microscale scaffold architecture provides contact guidance to the
myoblast cells. This includes different microscale features such as
interconnected pores [13] or aligned fibrous structure [14].
Similarly, macro-porous architecture of the scaffold is essential
for easy exchange of nutrients and waste products as well as facil-
itating cell infiltration throughout the scaffold volume [13,15].
Honeycomb-like polymer foams have been investigated for cardiac
muscle regeneration and peculiar interconnected honey-comb
architecture was thought to reinforce the scaffold during the con-
tinuous contraction and relaxation process of myocardial tissue
[16,17]. Thus, for functional skeletal muscle regeneration, it is
essential to build multiscale hierarchical scaffolds that provide
contact guidance to myoblasts through nano-roughness, provide
alignment cues at microscale and allow cell infiltration as well as
nutrient exchange.
Scaffolds possessing each of these individual features have been
built but combining multiple such features into a single scaffold
and comprehensive understanding of their interplay in generation
of a functional muscle tissue is yet to be explored. This is especially
a daunting task given that all the materials cannot be processed
into controlled hierarchical architecture with simultaneous control
over their physico-chemical properties. Electrically conductive
carbon-based scaffolds can be processed to possess multiscale
hierarchy along with macro-porous structure and different geome-
tries. They have been widely used as conductive materials in
energy storage-related applications [18]. Recently, carbon-based
materials are gaining popularity in various tissue engineering
applications such as osteogenesis [19], neural cell growth [20,21],
bone implants [22] and drug delivery [23]. For example, Li et al.
reported that three-dimensional macro-porous graphene foams
provided electrically conductive and macro-porous surface and
promoted proliferation and differentiation of neural stem cells
[21].
In this study, we engineered multiscale hierarchy into carbon-
basedmaterials with controlled nanoscale (nano-roughness, wetta-
bility) and microscale features (highly interconnected pores vs
highly aligned fibers). More specifically, we processed carbonmate-
rials into two types of multiscale hierarchical scaffolds; namely,
interconnected porous carbon foams [24] and aligned carbon fiber
mats. The 200–500 lm size micro-pores with wall width of
50–80 lm were structural repeating units in reticulated carbon
foams while carbon microfibers (diameter 5–6 lm) were repeating
units in aligned carbon fibermats.We further introduced nanoscale
features by growing tailored carpet-like arrays of carbon nanotubes
(CNTs) on themicro-pore walls of foams and surfaces of fibers. Such
surface functionalization offers nanoscale roughness, increased
specific surface area and tailored physicochemical properties like
wettability. In this study, we specifically investigated the
integrated effects ofmultiscale hierarchy, that is, microscale features
(interconnected pores vs. aligned fibers) and surface nano-
functionalization (CNT/Si-CNT) on differentiation of mouse myo-
blasts into multinucleated myotubes. It was hypothesized that the
CNT nano-functionalization of carbon-based materials will facilitate
biomimetic cell-material interaction and promote myoblast differ-
entiation, while the highly ordered fiber alignment will enhance
fusion of differentiated myocytes into multinucleated myotubes.
2. Materials and methods
2.1. Materials
Cell culture media, Dulbecco’s phosphate buffered saline (DPBS)
and serum were purchased from Mediatech Inc. (Manassas, USA)
or Corning Inc. (NY, USA) unless otherwise specified. The C2C12
cells were a kind gift from Dr. Feinberg at Carnegie Mellon
University, Pittsburgh, PA, USA. CNTs used in this study possess
average length of 17 lm and a diameter of 18 nm. It consists of
1% (Atomic%) Fe.
2.2. Nano-functionalization of carbon foams and fibers
Reticulated vitreous carbon (RVC) foams are typically fabricated
from the pyrolysis of thermosetting polymer, resulting in vitreous
carbon struts. RVC foams selected in this study were with 80 pores
per inch (PPI), provided by Ultramet Inc. Carbon nanotube carpets
were synthesized using a two-step process previously developed
by Mukhopadhyay group [25,26]. The first step involves deposition
of silicon oxide activation/buffer layer via room temperature
Microwave Plasma Enhanced Chemical Vapor Deposition reactor
(MPE-CVD). The hexamethyldisiloxane [HMDSO, Sigma Aldrich,
99.5%] was used as a precursor in conjunction with 99.9% pure oxy-
gen. This is followed by chemical vapor deposition of CNT using
xylene and ferrocene [Alfa Aesar, 99%] as a carbon and catalyst
source, respectively. Silica (SiOx) coating was applied using meth-
ods published previously [24]. Briefly, acid catalyzed sol-gel pro-
cess was utilized in order to produce the silica coating on the
CNT-grafted hierarchical substrate using Tetraethyl orthosilicate
(TEOS, Sigma-Aldrich; reagent grade, 98%) as a precursor. Plain
weave carbon fiber mats were obtained from Hexcel (ACGP206-
P) and functionalized with CNTs as described above for the foams.
2.3. Measurement of contact angle
The contact angles of pristine and functionalized foams and
fibers were measured using a dynamic contact angle goniometer
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set-up in the Mukhopadhyay laboratory. Details of this well-
established experimental set-up are described in an earlier paper
[24]. A drop of de-ionized water was added on the samples using
a 21G needle and the image was captured after 10 s. The images
were processed and contact angle was measured using SolidWorks.
2.4. Scanning electron microscopy (SEM)
2.4.1. Imaging
Surface characterization of as-prepared and cell-seeded Foam
and Fiber scaffolds was carried out using SEM (JEOL 9335 Field
Emission SEM) [27]. Cell-seeded scaffolds were fixed following
21 days and 14 days of culture for Foams and Fibers, respectively.
SEM was performed following air drying for 24 h. Scaffolds were
sputter-coated with 5 nm of gold-palladium using Cressington
108 auto sputter coater. Images were obtained using accelerated
voltage of 3 kV and a working distance of 8 mm.
2.4.2. Elemental Analysis using energy dispersive spectroscopy (EDS)
Elemental composition was determined using energy dispersive
spectroscopy (EDS) at 7 Kv operating voltage. When the solid to be
analyzed is exposed to a beam of electrons in the Scanning Electron
Microscope, the atoms in the sample emit secondary, backscat-
tered X-rays, whose energies are characteristic of the atomic ele-
ment. By analyzing the peaks of X-ray energies using EDS
detector, elements present in the sample are identified.
2.5. C2C12 mouse myoblast culture
The mouse myoblast cells (C2C12) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% of heat inactivated Fetal Bovine Serum (HyCloneTM) and 1%
antibiotic (Penicillin and streptomycin). The cells were cultured
in T75 flasks in a humidified incubator (37 C and 5% CO2), media
was changed every 2 days and cells were split 1:3 at 70%
confluence.
2.6. Cell seeding on foams and fibers
The cylindrical foams of height 0.5 cm and diameter 0.5 cm
were sterilized for 30 min in 70% isopropanol under UV. The foam
scaffolds were seeded with a seeding density of 1  106 cells/scaf-
fold. For metabolic activity measurement, the cells were seeded
and cultured for 14 days in growth medium. For differentiation
studies, the scaffolds were cultured in growth media until day 3
followed by additional 18 days in differentiation media (DMEM
supplemented with 10% heat inactivated horse serum, HyCloneTM).
Fiber mats of size 1 cm  1 cm were seeded with C2C12 cells at a
seeding density of 90,000 cells/mat (normalized based on the vol-
ume of mats). The study was carried out over a period of 14 days.
2.7. Metabolic activity of cells
The metabolic activity of cells seeded on Foams or Fibers (n = 3)
were measured using the alamarBlue assay (Thermo Scientific,
USA). The assay was performed over a period of 14 days. ala-
marBlue solution (10% v/v) was prepared in complete growth
media and 1 mL of this solution was added to each well containing
cell-seeded scaffold and incubated for 4 h at 37 C. After this step,
100 lL of the solution from each well was transferred to 96-well
plate and the fluorescence intensity was measured at excitation/
emission wavelength of 530/590 nm using the microplate reader
(Synergy HT, BioTek instruments). The wells containing only ala-
marBlue solution in media was used for background fluorescence
correction. Pristine-Foams and Pristine-Fibers were used as control
to compare the proliferation on functionalized Foams and Fibers.
2.8. Immunofluorescence staining
Cell-seeded Foams or Fibers were fixed with 4% paraformalde-
hyde for 30 min and washed 3 times with DPBS followed by the
blocking/ permeabilization with DPBS containing 0.1% Triton
X-100 and 5% BSA for 1 h at room temperature. The scaffolds were
then incubated with the primary antibody against myosin heavy
chain (MHC), MF-20 (1:50, DSHB, Iowa) overnight at 4 C and
washed with DPBS three times. The scaffolds were then stained
with secondary antibody (Alexa Fluor 488-conjugated goat anti-
mouse IgG, 1:1000, Santa Cruz Biotechnology Inc., USA) for 1 hour
at room temperature followed by three times washing with DPBS.
The cell nuclei were stained with Hoechst 33342 (Thermo Fisher,
USA).
2.9. Confocal microscopy
Confocal images were obtained using inverted confocal laser
scanning microscope (Olympus Fluoview 1000). Lasers of 488-,
559-, and 633-nm wavelength were used. Objective lenses of 20X
and 40X were used to acquire the z-stack images with 5 lm thick-
ness of each z slice. Data is presented as maximum intensity pro-
jection of the z-stack.
2.10. Image analysis
NIH ImageJ software was used for quantification of confocal
images. Percentage MHC-positive cells were calculated by taking
a ratio of MHC-positive cells to the total number of cells in at least
3 images per scaffold type. At least 120 total nuclei were consid-
ered per scaffold type. Myotube fusion index was calculated by
taking a ratio of number of fused cells containing 2 or more nuclei
to total number of nuclei per image for the Fiber scaffolds. Number
of nuclei per myotube was measured manually. Myotube matura-
tion index was measured from the immunofluorescence images by
calculating ratio of myotubes with 5 or more nuclei to the total
number of myotubes. The graphs are plotted using GraphPad Prism
6 and Origin Pro 2015.
2.11. Statistical analysis
The data are represented as mean ± standard deviation
(n = 4–5). The statistical significance between the groups was ana-
lyzed using one-way or two-way ANOVA for multiple comparisons
followed by Tukey post-hoc analysis (GraphPad Prism 6). p values
less than 0.05 were considered statistically significant.
3. Results and discussion
3.1. Nano-functionalization of foam scaffolds affects nano-roughness
and wettability
The carbon-based scaffolds with interconnected porous struc-
ture were obtained from Ultramet Inc. They are fabricated from
pyrolysis of thermosetting polymer, resulting in vitreous carbon
struts as described previously [24,25]. Surface functionalization
with nanoscale features is known to alter wettability and nano-
roughness [24], which, in turn, may affect cell adhesion, spreading
and differentiation. In this study, CNTs are chosen for surface func-
tionalization as they have been shown to promote myoblast differ-
entiation [9,28,29]. Along with electrical conductivity, CNTs also
impart nano-roughness [24] which may be beneficial for cell adhe-
sion and spreading. Indeed, when encapsulated in gelatin
methacrylate hydrogels, CNTs have promoted spreading and
elongation of cardiomyocytes [30]. Hence, multiscale hierarchical
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carbon foams with interconnected microporous structure were
nano-functionalized with carpets of CNT to modulate nano-
roughness and wettability. CNT carpets were synthesized using
previously reported two-step process [25,26]; first step involves
the coating of silica nanolayer and the second step involves growth
of CNT carpets by chemical vapor deposition (CVD). This process
ensures growth of immobilized CNT carpets on the surface of the
scaffolds as shown in earlier papers [24,25]. Non-functionalized
foam scaffolds and CNT functionalized foam scaffolds are hereafter
referred as Pristine-Foam and CNT-Foam, respectively (schematic
in Fig. 1A). Detailed multiscale architecture of nano-
functionalized foams is depicted in Supplementary Fig. 1.
The wettability of Pristine-Foam and CNT-Foam was measured
by contact angle of water droplet on the scaffold surface. Surface
nano-functionalization with CNT is known to increase the contact
angle of carbon foam surfaces [24]. Indeed, CNT grafting on the
foam surface increased the contact angle from 65-75 to 160
(Table 1), making the surfaces less wettable. Similar increase in
contact angle and decrease in surface wetting was also reported
for poly-L-lactic acid surfaces coated with multiwall CNTs [8]. Such
decrease in wettability of CNT-coated poly-L-lactic acid surfaces
was attributed to nano-roughness.
Nano-roughness of CNT-Foam was characterized using scan-
ning electron microscopy (SEM). Fig. 1B shows SEM images of
Pristine-Foam and CNT-Foam. As shown in Figs. 1B1 and B3,
Pristine-Foam and CNT-Foam exhibited interconnected porous
structure with overall similar pore size/porosity [25]. CNT carpet
of about 20 lm thickness was found to grow perpendicular to
the surface of Pristine-Foam scaffolds (Fig. 1B4, white arrows). Suc-
cessful CNT functionalization was further confirmed by high mag-
nification (20,000X) images of the walls of functionalized foam
showing uniform fibrous carpet of CNTs rendering nanoscale
roughness to these surfaces (Fig. 1B5) compared to smooth surface
observed for Pristine-Foam scaffolds (Fig. 1B2). Thus, CNT function-
alization increased the contact angle rendering the surface less
wettable and also increased the nano-roughness of CNT-Foams.
These results indicate that CNT functionalization affected multiple
factors, such as surface wettability and nano-roughness that would
further influence the cell-scaffold interaction. Indeed, less wettable
surfaces tend to promote the adsorption of proteins such as lami-
nin and fibronectin, which further disrupt ordered water molecule,
leading to increased entropy. Such entropy-driven adsorption is
usually strong and irreversible compared to enthalpy-driven and
reversible adsorption on easily wettable surfaces [31,32]. Protein
adsorption further plays important role in cell adhesion. On the
other hand, nano-roughness has shown to influence cell attach-
ment and proliferation by facilitating better cell-material and
cell-cell interaction [8,33,34].
CNT-Foams were further functionalized with amorphous silica
(SiOx) (referred as Si-CNT-Foam hereafter) layer. Silica is a hydro-
philic, inorganic, bio-resorbable and biocompatible material that
has been widely investigated in tissue engineering, specifically in
bone regeneration [35]. Silica functionalization on CNT will change
the wettability, as demonstrated in an earlier study [24], while
maintaining the nano-roughness same as that of CNT-Foam. This
will decouple the effect of wettability and nano-roughness on cell
adhesion/spreading. Successful nano-functionalization of CNTs
with Si was confirmed by the elemental analysis of Si-CNT-
Foams, which showed increase in the percentage of Si atoms from
1.38% (CNT-Foam) to 4.32% (Si-CNT-Foam) (Table 2). It could also
be seen that the water contact angle of the CNT carpets decreased
from 160.3 (CNT-Foam) to 66.5 (Si-CNT-Foam) (Table 1) implying
that Si-CNT-Foam is no longer hydrophobic despite the presence of
CNT carpet morphology. We characterized nano-roughness of Si-
CNT-Foam using SEM. As shown in Fig. 1B6, Si-CNT-Foam exhibited
interconnected porous structure with similar pore size as Pristine
Foam and CNT-Foam. Si-CNT coating was found to be perpendicu-
lar to the surface of the scaffold (Fig. 1B7, white arrow) similar to
that of CNT-Foam (Fig. 1B4). As shown in Fig. 1B8, uniform fibrous
carpet of Si-CNT conferred nano-roughness to the surface, similar
to CNT-Foam (Fig. 1B5). In conclusion, Si-CNT-Foam possesses
comparable macro-porosity, contact angle and wettability to that
of Pristine-Foam with added nano-roughness of CNT-Foam.
Following the characterization of the Foam scaffolds, we
assessed their cytocompatibility as well as ability to promote cell
adhesion, spreading, and differentiation.
3.2. Effect of nano-roughness and wettability on myoblast adhesion,
proliferation and differentiation into multinucleated myotubes
Although CNTs have been utilized in many biomedical applica-
tions [28–30], their cytocompatibility still remains a concern. Cyto-
toxic effects of CNTs have been studied extensively [36]. CNTs were
found to be cytotoxic when they were freely suspended in culture
and were available for cellular uptake [37]. We hypothesized that
immobilization of CNT carpets on Pristine-Foams through strong
interaction with underlying silica substrate nanolayer (Supple-
mentary Fig. 1) will prevent shedding of individual CNTs and
minimize their cellular uptake. In our previous study on the
physico-chemical characterization of Pristine and CNT-Foams
[25,26], we have shown that interaction between CNT and under-
lying silica nanolayer is much stronger than that between graphitic
layers of the Pristine-Foam.
We, therefore, tested the hypothesis that immobilized
CNTs/Si-CNTs will exhibit excellent cytocompatibility and promote
myoblast growth and differentiation into myocytes by virtue of
structural cues such as, nano-roughness, wettability, conductive
surfaces and macro-porous scaffold architecture. We cultured
mouse myoblast (C2C12) cells on pristine and functionalized foam
scaffolds (Fig. 2A). Infiltration of C2C12 cells into the scaffolds was
studied after 21 days of culture using SEM. Fig. 2B1, B2 and B3 indi-
cated that cells were able to infiltrate and adhere (white arrows)
uniformly to all the foam scaffolds. In case of Pristine-Foams
(Fig. 2B1 and Supplementary Fig. 2a), cells adhered to the foam
wall, forming a uniform cell sheet over the surface, whereas the
presence of nano-hair like CNTs in the other two scaffolds
increased surface roughness and cell-scaffold interaction in the
functionalized scaffolds as evident from the cells (pseudo colored
in red, black asterisks) attached on to these hair-like projections
(Supplementary Fig. 2b, black arrows). Thus, SEM images suggest
that nano-functionalization with CNT carpets enhanced cell-
Foam interactions in the functionalized foam scaffolds. De novo
matrix synthesis on biomaterial scaffolds is one of the essential
steps in tissue regeneration. Production of functional tissue-
mimetic structures can be facilitated through the synthesis of
new ECM by the seeded cells along with biodegradation of the scaf-
folds. In a study reported by Sant et al., Collagen type 1, fibronectin
and laminin were secreted by valvular interstitial cells on poly
(glycerol sebacate)-poly (e-caprolactone) nanofibrous scaffolds
[38]. In the present study, Pristine-Foam, CNT-Foam and Si-CNT-
Foam facilitated de novo ECM secretion on the surface of scaffolds
as shown by white arrows in Supplementary Fig. 3. This data sug-
gest that all three foam scaffolds are bioactive and facilitate cell
adhesion, spreading and de novo matrix secretion.
The effect of surface nano-roughness and wettability on cell
adhesion and proliferation of C2C12 was further investigated by
determining their viability with alamarBlue assay (Fig. 2C).
AlamarBlue assay measures ability of metabolically active cells
to reduce resazurin to fluorescent resorufin [27]. All scaffolds sup-
ported growth of C2C12 as evident from the significant increase in
their metabolic activity over a period of 7 days. It is noteworthy
that differences between Pristine-Foams and CNT/Si-CNT-Foam
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Fig. 1. Characterization of pristine and nano-functionalized foam scaffolds. (A) Schematic of hierarchical multiscale architecture of carbon foams functionalized with carbon
nanotubes (CNT) and silica-CNT (Si-CNT); (B) Effect of surface nano-functionalization of carbon foams with CNT and Si-CNT on the micro- and nanoscale morphology by SEM;
Low magnification images showing highly interconnected porous structure of pristine Foam (B1), CNT-Foam (B3) and Si-CNT-Foam (B6); High magnification images showing
smooth surface of Pristine-Foams (B2) while CNT (B4) and Si-CNT (B7) functionalization conferred nano-roughness (depicted by white arrows); CNT (B5) and Si-CNT coating
(B8) at 20,000X magnification showing rough nanofibrous structure. Scale bar in B1, B3 and B6 represents 500 lm, scale bar in B2, B4, and B7 represents 25 lm and scale bar
in B5 and B8 represents 1 lm. Table 1 demonstrates the effect of surface nano-functionalization on contact angle of different foams. The contact angle of foams increased with
CNT grafting, while subsequent coating of Si on CNT-coated foams restored the contact angle similar to Pristine-Foams. Table 2 shows energy-dispersive X-ray spectroscopy
(EDS) analysis of Pristine, CNT and Si-CNT-Foams showing atomic percentage of C, O, Si and Fe based on K (innermost) shell. ‘‘ND” (not detectable) indicates that the values for
these elements were below detection limits of the instrument. CNT structures and foam architecture shown in the schematics are only for the demonstration of the concept.
Schematics not to scale.
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Fig. 2. Effect of surface nano-functionalization on myoblast morphology, metabolic activity and differentiation into myocytes. (A) A schematic showing C2C12 myoblast cells
seeded onto pristine and functionalized foams; (B) Scanning electron microscopy images showing cell infiltration throughout the depth of Pristine-Foam (B1), CNT-Foam (B2),
and Si-CNT-Foam (B3). Scale bar in B represents 500 lm. White arrows indicate cells adhering to the walls of foams; (C) Viability/metabolic activity of C2C12 cells by
alamarBlue assay (n = 3), Statistical significance by two-way ANOVA and Tukey post hoc test. ⁄⁄denotes p < 0.005, ⁄⁄⁄⁄denotes p < 0.00005; (D) Confocal microscopy images of
Pristine-Foam (D1, D2, D3), CNT-Foam (D4, D5, D6) and Si-CNT-Foam (D7, D8, D9) showing differentiation of C2C12 cells into myocytes as indicated by myosin heavy chain
(MHC) staining (green, D2, D5, D8). The nuclei (blue, D1, D4, D7) and actin (red, D3, D6, D9) were stained with Hoechst and actin-phalloidin, respectively. Scale bar in D
represents 100 lm. White arrows show areas showing MHC expressing cells while white box shows cells on Pristine-Foams positive for actin, but with no MHC expression.
(E) Quantification of percentage MHC-positive cells after differentiation study (n > 120 cells from at least 3 images and 3 different scaffolds). Statistical significance by one-
way ANOVA and Tukey post hoc test. ⁄⁄denotes p < 0.005, ⁄⁄⁄denotes p < 0.0005.
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were not statistically significant on any given day of culture, sug-
gesting that CNT/Si-CNT carpets immobilized onto carbon foams
did not significantly affect cell viability and growth. Thus,
CNT/Si-CNT-Foams are found to be cytocompatible. Interestingly,
we observed decrease in the metabolic activity of cells on day 14
in all three scaffolds. This can be attributed to two possible phe-
nomena. First, we observed that confluent cell sheets peeled off
from the CNT/Si-CNT-Foam surfaces as shown in representative
SEM images for CNT/Si-CNT-Foam scaffolds (Supplementary
Fig. 4, white arrows). SEM images also revealed comparatively
smooth surfaces of CNT/Si-CNT Foam scaffolds after detachment
of cell-sheets, similar to smooth surfaces observed in Pristine-
Foams (Fig. 1B2 and Supplementary Fig. 4, denoted by asterisks).
These SEM images suggested that cell sheets peeled off along with
the underlying CNT/Si-CNT carpets. We have previously reported
the peeling off of CNT carpets as an entire layer from the foam sur-
face [25]. This was attributed to the much stronger interaction
between CNTs and underlying silica nanolayer than that between
the graphitic layers in the underlying foam. SEM images in our
study supports this conclusion and indicate that the cell sheets
and CNT/Si-CNT carpets remained together during their detach-
ment, further suggesting strong interaction of cells with underly-
ing CNT/Si-CNT carpets. Such strong interaction between the
myoblasts and CNT carpets may be beneficial in two ways. First,
the CNT carpets can provide a mechanical support to the native
myoblasts until they get anchored, oriented and differentiated into
Fig. 3. Characterization of aligned Pristine and nano-functionalized carbon fiber mats. (A) Schematic of hierarchical multiscale architecture of aligned non-functionalized
carbon fibers (Pristine-Fibers) and functionalized CNT-Fibers; (B) Scanning electron microscopy images showing macro- to microscale morphology of Pristine-Fiber (B1–B3)
and CNT-Fibers (B4–B6); CNT functionalization increased the surface roughness (B5 and B6) in contrast to the smooth surface of Pristine-Fibers (B2 and B3). Scale bar in B1
and B4 represents 1 mm, scale bar in B2 and B5 represents 50 lm and scale bar in B3 and B6 represents 10 lm; (C) CNT-functionalization increased contact angle and thus,
decreased wettability of the CNT-Fiber scaffolds as indicated in Table 3.
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functional multinucleated myotubes. Second, this may also pre-
vent disaggregation/detachment of individual CNTs and their
uptake by the cells, thus obviating the cytotoxicity of CNTs.
The decrease in the metabolic activity at day 14 may also be due
to the differentiation of myoblast cells into multinucleated
myotubes [39]. Thus, we investigated the role of CNT and Si-CNT
functionalization on myoblast differentiation. C2C12 cells were
cultured in growth media for 3 days, followed by 18 days in differ-
entiation media. The cells were then fixed and stained with
Hoechst (nucleus, blue), myosin heavy chain (MHC, green) and
phalloidin (actin, red). Pristine-Foam scaffolds displayed attach-
ment and spreading of C2C12 cells on the foam walls as shown
by nuclear and cytoskeletal actin staining (Fig. 2D1 and D3,
arrows). However, very few MHC-positive cells were observed on
Pristine-Foam (Fig. 2D2, white box), indicating their limited ability
to differentiate into MHC-positive myocytes. On the contrary, CNT-
Foam (Fig. 2D4-D6) and Si-CNT-Foam (Fig. 2D7-D9) displayed
presence of much higher number of MHC-positive cells, indicating
that CNT/Si-CNT functionalization promoted differentiation of
myoblasts into myocytes. Image analysis confirmed these results
revealing significantly higher percentage of MHC-positive cells
(about 90%) in CNT-Foam and Si-CNT-Foam compared to
Pristine-Foam (only 30%, Fig. 2E). Such enhanced differentiation
may be due to the nano-roughness provided by CNT/Si-CNT. This
may also be due to enhanced cell-cell communication as myoblasts
need electrically conductive surface for the development of func-
tional muscle tissue and conductive CNT nanostructures may
enhance transmission of such signals as suggested by others [40],
although we do not have direct evidence in our current study. It
should be noted that although Si coating on CNT-Foams restored
their contact angle from 160 to 66 (similar to Pristine-Foams),
altering the surface wettability did not inhibit the ability of
Si-CNT-Foams to induce myoblast differentiation. On the contrary,
both CNT/Si-CNT-Foam exhibited comparable percentage of
MHC-positive cells despite significant differences in their contact
angles (Fig. 2D5 vs. 2D8 and 2E). This suggests that nano-
roughness, which is a common feature of both CNT-Foam and
Si-CNT-Foam rather than wettability plays the more important role
in controlling myoblast differentiation into MHC-positive cells.
Similarly, Papenburg et al. reported more important role played
by surface roughness on cell attachment and proliferation than
surface hydrophobicity [34], which is in line with our observations
in this study. Our results on the role of CNTs in promoting myo-
blast differentiation are in accordance with the previous reports
[28,29].
Although nano-functionalized foams promoted myoblast differ-
entiation into MHC-positive myocytes, formation of multinucle-
ated myotubes was not evident in any of the foam scaffolds. This
may be due to the porous architecture of the foam scaffolds. Foams
provided excellent porosity and surface area that enhanced myo-
blast cell proliferation and adhesion on all three scaffolds whereas
CNT/Si-CNT functionalization provided additional structural cues
such as nano-roughness and/or conductivity, which further aided
myoblast differentiation into MHC-positive cells. However, foams
Fig. 4. Effect of CNT-functionalization on myoblast morphology and metabolic activity. (A) Viability/metabolic activity of C2C12 cells on Pristine-Fiber and CNT-Fiber mats by
alamarBlue assay (n = 3). Statistical significance by two-way ANOVA and Tukey post hoc test. ⁄⁄denotes p < 0.005, ⁄⁄⁄⁄denotes p < 0.00005. (B) Scanning electron microscopy
images showing C2C12 cell morphology and their interaction with the underlying Pristine-Fiber and CNT- Fiber scaffolds. Significantly increased number of cells can be
observed on the CNT-Fiber covering the entire area (B4). B5 and B6 show cell bodies (black arrows) interacting with the nanofibrous CNTs (red arrows) coated on carbon
fibers. Scale bar in B1 and B4 represents 500 lm, scale bar in B2 and B5 represents 10 lm and scale bar in B3 and B6 represents 5 lm. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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lack alignment cues that are present in native skeletal muscle
tissue. In conclusion, although interconnected porous structure
along with nanoscale surface functionalization led to myoblast
differentiation into MHC-positive cells, it fell short of promoting
fusion of these cells into multinucleated myotube-like structures.
3.3. Characterization of aligned carbon fiber mats
As skeletal muscle is a highly organized structure, myotube for-
mation on surfaces without alignment cues is believed to be imma-
ture; for instance, it can form few myoblasts grown in swirled and
Fig. 5. Effect of fiber alignment on myoblast differentiation into multinucleated myotubes. (A) A schematic showing C2C12 myoblast cell differentiation seeded on Pristine-
Fibers and CNT-Fibers over a period of 14 days; (B) Low magnification (10X) confocal microscopy images showed differentiation of C2C12 cells into myocytes as indicated by
myosin heavy chain (MHC, green) staining. Nuclei were stained with Hoechst (blue). In CNT-Fiber, almost all the cells stained for MHC. Interestingly, CNT-Fibers showed
continuous multinucleated cellular structures spread across the entire image area. Scale bar represents 500 lm; (C) High magnification (20X) confocal microscopy images
showing formation of continuous multinucleated myotubes indicated by MHC and nuclear staining. Very high magnification (80X) images (insets) revealed formation of
continuous multinucleated myotubes similar to muscle fiber bundles. Scale bar represents 100 lm and 50 lm for main and the inset images respectively. (D) Myotube fusion
index (cells containing 2 or more nuclei/ total number of cells per image); (E) Number of nuclei per myotube; (F) Myotube maturation index (ratio of myotubes containing 5
or more nuclei to total number of myotubes). ⁄shows significant difference at p < 0.05 compared to Pristine-Fibers; statistical analysis was done using student t-test. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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unorganized pattern [41]. Such unorganized, non-aligned cellular
structures may further hamper fusion and formation of multinu-
cleated myotubes and consequently, functional regeneration of
skeletal muscle. Aligned structural or topographical cues provide
contact guidance, where myotubes can be formed parallel to each
other leading to functional tissue development [42–45]. We, there-
fore, functionalized aligned woven fibrous carbon mats with
strongly anchored CNT carpets using the two-step technique dis-
cussed earlier (Fig. 3A). Woven fiber mats have multiscale hierar-
chy with microscale fibrils forming a horizontal multilayered
strip. These strips are then interwoven with a plain weave con-
struction as shown in the schematic (Fig. 3A). As evident from
the study of Si-CNT-Foam, wettability did not show any significant
effect on myoblast differentiation, therefore Si functionalization
was not considered in the study with carbon fiber mats. Successful
CNT functionalization of fibers was confirmed by SEM imaging.
Fig. 3B shows SEM micrographs of pristine carbon fibers (referred
to as Pristine-Fiber hereafter) and CNT-coated carbon fibers
(referred to as CNT-Fiber). After CNT grafting, the overall aligned
scaffold architecture at macroscale remained unchanged while sur-
face roughness was enhanced (Fig. 3B4–B6) compared to smooth
surface observed for Pristine-Fibers (Fig. 3B1–B3). In addition,
some CNTs bridging two parallel carbon fibers were observed as
indicated by red arrows in Fig. 3B6. Thus, CNT grafting conferred
the nano-roughness to the surface along with interconnected
grooves between parallel fibers without compromising the fiber
alignment. CNT grafting also increased contact angle of the scaf-
folds similar to CNT-Foam (Fig. 3C and Table 3).
3.4. Effect of alignment and nano-functionalization on myoblast
adhesion, proliferation and differentiation into multinucleated
myotubes
C2C12 myoblast cells were seeded on Pristine-Fiber and func-
tionalized CNT-Fiber (Fig. 4A) to elucidate the integrated effect of
fiber alignment and CNT functionalization on cellular proliferation,
alignment and differentiation. Metabolic activity of seeded cells
was evaluated for 14 days using alamarBlue assay (Fig. 4A).
Pristine-Fibers showed increased metabolic activity throughout
14 days while CNT-Fiber showed significantly higher metabolic
activity than Pristine-Fibers until day 3 (p < 0.05), after which
CNT-Fiber reached confluence and no significant change was
observed thereafter. As discussed above, such reduction in meta-
bolic activity may be attributed to stimulation of myogenic differ-
entiation by CNT carpet. While Pristine-Fiber scaffolds showed cell
adhesion/spreading and facilitated formation of multicellular
structures (black arrow in Fig. 4B2), randomly orientated and less
organized cell aggregates can also be observed. On the other hand,
CNT-Fiber promoted formation of aligned multicellular structures
completely covering the entire area of CNT-Fiber scaffold (approx.
2.5 mm) as shown in Fig. 4B4 and B5. CNT-Fiber scaffolds also pro-
moted cell-material interaction to achieve significant contact
adhesion as indicated by black arrows (cell bodies) and red arrows
(CNTs) (Fig. 4B6).
We further investigated the integrated influence of fiber align-
ment and nano-roughness of Pristine-Fiber and CNT-Fiber mats
on differentiation of C2C12 myoblast cells over 14 days (Schematic
in Fig. 5A). We selected earlier time point of 14 days in Pristine-
Fiber and CNT-Fiber scaffolds as most of the confluent cellular
structures formed during 21 days were detached from the mats
preventing any analysis of MHC-positive cells (data not shown).
This suggested that aligned fibrous mats might be more efficient
in promoting differentiation at earlier time point. Indeed, lowmag-
nification confocal microscopy images of cells stained for MHC
(green) and nuclei (blue) showed MHC-positive cells in both
Pristine-Fiber and CNT-Fiber mats in contrast to the foam scaffolds.
It is noteworthy that while Pristine-Fiber mats showed MHC-
positive multinucleated cells scattered throughout the image area
(Fig. 5B, left column), CNT-Fiber mats showed interconnected,
multinucleated MHC-positive cells covering entire area of the
image, suggesting efficient fusion of differentiated myocytes to
form myotubes (Fig. 5B, right column). Higher magnification
images of both Pristine and CNT-Fiber mats displayed presence
of aligned myotubes parallel to the fiber direction (Fig. 5C).
Interestingly, unlike Pristine-Fibers, CNT-Fibers promoted forma-
tion of continuous myotube bundles (inset of Fig. 5C), which are
believed to be units of functional muscle tissue.
Image analysis further revealed significantly higher myotube
fusion index in CNT-Fibers compared to Pristine-Fibers (Fig. 5D).
Similarly, number of nuclei per myotube (Fig. 5E) and myotube
maturation index (myotubes containing more than 5 nuclei)
(Fig. 5F) were found to be significantly higher in CNT-Fiber mats
compared to Pristine-Fiber mats. Immunofluorescence images of
MHC-stained cells also showed striations perpendicular to the
direction of myotube length in CNT-Fiber (Supplementary Fig. 5,
asterisks), whereas such striations were absent in Pristine-Fiber
scaffolds. Presence of such striations suggests maturity of myo-
tubes in CNT-Fiber [46]. This observation correlates well with the
4-5 fold increase in myotube maturation index on CNT-Fiber com-
pared to Pristine-Fiber scaffolds (Fig. 5F).
It has been reported that end-to-end fusion of myocytes or
myoblasts is more feasible than their lateral fusion [47]. Alignment
cues can guide appropriate cell orientation and further, promote
their fusion [44,48]. Moreover, other studies have revealed that
narrow width of aligned structural cues promoted densely packed
myotubes resembling functional myotubes [45,47]. This supports
our observations of improved myocyte fusion even in Pristine-
Fiber mats that consist of aligned fibers of about 10 micron diam-
eter. Nano-functionalization with CNT further facilitated myocyte
fusion leading to multinucleated mature myotubes.
Taken together, nano-functionalized CNT-Foams promoted
myoblast differentiation into MHC-positive myocytes (Fig. 2E);
however, it was not sufficient to stimulate fusion of differentiated
myocytes into multinucleated myotubes (Fig. 2D6, D9). On the
other hand, aligned fibrous architecture of Pristine-Fiber alone pro-
moted myocyte differentiation as well as their fusion into multin-
ucleated myotubes to some extent (Fig. 5C and D). More
importantly, nano-functionalization interfaced with microscale
aligned fibrous architecture in CNT-Fiber significantly enhanced
myocyte fusion into multinucleated and mature myotubes high-
lighting synergy between surface nano-topography and aligned
fibrous architecture (Fig. 5C–F).
4. Conclusions
We engineered carbon-based foam and fiber scaffolds with
multiscale hierarchy conferred by nanostructured CNT carpets
and microscale interconnected pores (Foam) or fibrils bundled into
aligned fibers (Fiber). The Pristine-Foam scaffolds showed few
MHC-positive myocytes without formation of fused and continu-
ous myotubes. On the other hand, Pristine-Fiber mats promoted
not only differentiation but also fusion of myocytes into multinu-
cleated myotubes. This signifies that the scaffold architecture
(interconnected porous vs aligned fibrous structure) is instrumen-
tal in facilitating fusion of myocytes to form multinucleated
myotubes. Controlled modulation of surface wettability by nano-
functionalized CNT or Si-CNT revealed a minimal effect of wettabil-
ity and a dominant role played by nano-roughness in promoting
differentiation into myocytes. Nanostructured CNT carpets
enhanced myoblast differentiation into myocytes in both the foam
and fiber scaffolds; however, it alone was not sufficient to promote
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fusion of myocytes into multinucleated myotubes. Indeed, nanos-
tructured CNTs combined with aligned fibrous structure facilitated
formation of multinucleated myotubes and their end-to-end
fusion. This was mainly due to excellent contact guidance provided
by aligned fibrous architecture along with nano-roughness and
conductive surface conferred by CNT carpets. In conclusion, we
demonstrate that nanoscale features govern the differentiation of
individual myoblasts into myocytes whereas microscale alignment
cues orchestrate fusion of multiple myocytes into multinucleated
myotubes underlining the importance of multiscale hierarchy in
enhancing coordinated tissue regeneration.
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